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   ENZYMATIC SCAVENGING OF OXYGEN 
DISSOLVED IN WATER: APPLICATION OF 
RESPONSE SURFACE METHODOLOGY IN 
OPTIMIZATION OF CONDITIONS 
In this work, removal of dissolved oxygen in water through reduction by glu-
cose, catalyzed by glucose oxidase – catalaseenzyme, was studied. Central 
composite design (CCD) technique was applied to achieve optimum conditions 
for dissolved oxygen scavenging. Linear, square and interactions between 
effective parameters were obtained to develop a second order polynomial 
equation. The adequacy of the obtained model was evaluated by the residual 
plots, probability-value, coefficient of determination, and Fisher’s variance ratio 
test. Optimum conditions for activity of two enzymes in water deoxygenation 
were obtained as follows: pH 5.6, T = 40 °C, initial substrate concentration,
[S] = 65.5 mmol/L, and glucose oxidase activity, [E] = 252 U/Lat excess 
amount of catalase. The deoxygenation process during 30 s, in the optimal 
conditions, was predicted to be 98.2%. Practical deoxygenation in the pre-
dicted conditions was achieved to be 95.20%, which was close to the model 
prediction. 
Keywords: central composite design; deoxygenation; dissolved oxygen; 
oxygen scavenger. 
 
 
In many industries such as pharmaceutical, 
food, biotechnology, power plants and semiconductor 
manufacturing, water is used for different purpose 
such as system cooling and warming. Dissolved oxy-
gen (DO) in water causes some problems in industrial 
systems, for example, in boilers and steel pipes DO 
causes pitting corrosion, poor heat transfer and in 
pumps it causes cavitation and fins corrosion [1,2]. So 
in boilers, deoxygenation of feedwater is an important 
step. Oxygen solubility in water is about 8 mg/L at 
surrounding conditions. However, acceptable levels 
of DO is dependent on the process, for example, in 
semiconductor manufacturing, less than 0.10 mg/L is 
necessary [3,4].  
Various physical and chemical methods are ap-
plied to remove DO. Physical methods include ther-
mal degassing, vacuum degassing, nitrogen bubbling 
and degassing through a membrane module [2,5]. 
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Using these physical methods, it is difficult to reduce 
the DO concentration from mg/L to µg/L level. Phy-
sical methods have inherent deficiencies of being 
bulky, costly and inflexible in operation [4]. Recently, 
hollow fiber membrane contactors with high efficiency 
and some other advantages have been utilized to re-
move dissolved oxygen, but their use is still not com-
mon [6]. Chemical methods for scavenging of DO 
include the addition of reducing agents such as hyd-
razine, sodium sulfite, carbohydrazide, β-ketogluco-
nate, and gallic acid [3,5]. Sodium sulfite reacts with 
DO to form sodium sulfate. But at high pressures, 
sodium sulfite increases the ionic content of water 
and decomposes to H2S and SO2, which are corrosive 
[7]. Hydrazine is another oxygen scavenger that pro-
vides some advantages to the physical methods and 
sodium sulfite, but is undesirable due to its toxicity. 
Another drawback of hydrazine is its low rate of reac-
tion with DO at ambient temperature so the reductive 
removal of DO by hydrazine needs a highly active 
catalyst [6]. Recently, the use of hydrogen in the pre-
sence of catalyst is an attractive method, but it has 
some disadvantages such as a high cost and opera-
tional difficulties [8,9]. A. KARIMI et al.: ENZYMATIC SCAVENGING OF OXYGEN DISSOLVED IN WATER…  CI&CEQ 18 (3) 431−439 (2012) 
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In this study, an environmentally friendly enzy-
matic system has been applied for the removal of DO 
from water. The ability of enzymes to bind to specific 
substrates and mediate their reaction into stereo-
specific products and their efficiency in reaction me-
diation makes them an attractive tool for use in indus-
trial processes. The present study involves the use of 
an enzymatic system based on an oxidase and a pro-
portional substrate. Reactions catalyzed by an oxi-
dase consume oxygen and produce water or hydro-
gen peroxide as a by-product. A preferred enzyme is 
glucose oxidase (GOx) which is an oxidoreductase 
that catalyzes the oxidation of β-D-glucose to D-glu-
cono-1,5-lactone using molecular oxygen and rel-
easing hydrogen peroxide: 
GOx
2
22
D
D
- -glucose + O  
-glucono-1,5-lacton + H O
β ⎯⎯⎯ →
→
 (1) 
D-Glucono-1,5-lactone is spontaneously con-
verted to gluconic acid [10]. Hydrogen peroxide may 
be removed by treatment with catalase which 
converts it to water and molecular oxygen [11]: 
Catalase
22 2 2
1
HO   HO   +   O
2
⎯⎯⎯⎯ →  (2) 
For most large-scale applications, the two enzy-
matic activities are not separated. Glucose oxidase 
and catalase may be used together through Eq. (3) 
when net hydrogen peroxide production is to be 
avoided: 
GOx+Catalase
2
2
D - -glucose + O
Gluconic acid + H O
  β ⎯⎯⎯⎯⎯ →
→
 (3) 
GOx has many commercial applications includ-
ing glucose removal from egg before drying for use in 
the baking industry, improvement of color, flavor, and 
shelf life of food materials and oxygen removal from 
fruit juices [12]. It has also been used in other food 
items such as: constitute a potential alternative to in-
crease the survival of probiotic bacteria in yogurt be-
cause it consumes the oxygen permeating to the in-
side of the pot during storage, thus making it possible 
to avoid the use of chemical additives [13,14]. It has 
been used in glucose assay kit in conjunction with 
catalase [15] and chiefly in biosensors for the detec-
tion and estimation of glucose in industrial solutions 
and in body fluids such as blood [16]. Implantable 
glucose sensors have found applications for diabetes 
patients [17]. 
In this study, enzymatic deoxygenation of tap 
water for potential use in industries, (such as use as 
boiler feed water) has been investigated. The effects 
of pH, temperature, substrate initial concentration and 
GOx activity on the efficiency of enzymatic deoxyge-
nation process were investigated. Parametric optimi-
zation is considered using a statistically based optimi-
zation strategy called response surface methodology 
(RSM) to determine the optimum conditions for de-
oxygenation of water in the presence of excess cata-
lase. The central composite design was used to col-
lect the data for fitting a second order response.  
MATERIALSAND METHODS 
Materials 
Commercial glucose oxidase (GOx, EC 1.1.3.4, 
1000 U/g, from Aspergillums niger) was purchased 
from Kimia Enzyme (an Iranian local market), and bo-
vine liver catalase (EC 1.11.1.6, 3809 U/mg) and β-D- 
-(+)-glucose were purchased from Sigma. All other 
chemicals were of analytical grade and were used 
without further purification. All solutions were made 
up with distilled water. 
Assay of glucose oxidase activity 
The activity of glucose oxidase was measured 
with 10 mmol/L glucose as substrate. In the presence 
of oxygen, GOx oxidizes β-D-glucose to β-D-glucono-
δ-lactone and H2O2. The H2O2 is then utilized to oxi-
dize a chromogenic substrate in a secondary reaction 
in the presence of catalase and a resultant color 
change is monitored spectrophotometrically. The 2,2’-
azino-di-(3-ethylbenzthiazoline-sulfonate) (ABTS) was 
used for this goal through forming a greenish-blue 
oxidized product measured spectrophotometrically at 
420 nm [18]. A unit of enzyme activity (U) was defined 
as the amount of GOx required to consume 1 µmol 
substrate in 1 min at 25 °C. All measurements were 
performed in a quartz cuvette maintained at 25±0.30 
°C using a spectrophotometer (Biowave S2100-WPA, 
England). 
Assay of catalase activity 
The activity of catalase was measured based on 
the initial rate of catalase-catalyzed decomposition of 
H2O2 at the H2O2  initial concentrationof 10 mmol/L. 
The reaction temperature was 25 ºC. The H2O2 con-
centration was continuously monitored based on the 
absorbance at 240 nm (ε240 = 39.40 (mol/L)
-1 cm
-1). 
The initial rate of the decomposition of H2O2 was 
taken as the activity of catalase [19].  
Deoxygenation procedure 
In a 140 mL mixed bioreactor containing tap wa-
ter, 15-35 mg glucose (35-75 mmol/L) and excess 
amount of catalase to be confident of the quick re-
moving of H2O2 (500 U catalase was used in 140 mL A. KARIMI et al.: ENZYMATIC SCAVENGING OF OXYGEN DISSOLVED IN WATER…  CI&CEQ 18 (3) 431−439 (2012) 
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water), favorite amount of GOx was added then sealed 
perfectly and deoxygenation reaction was started up. 
DO concentration was monitored using a DO meter 
sensor (WinLab art. 6103 30030) during the deoxy-
genating process. Experiments were done in constant 
temperatures (22.5-52.5 °C); the temperature was ge-
nerally controlled by a thermostatic water jacket (Fi-
gure 1). 
 
Figure 1. Scheme of the experimental bioreactor: 
1) reaction vessel; 2) DO sensor; 3) magnet; 
4) magnetic stirrer; 5) water jacket. 
Experimental design 
A five-level, four-factor CCD was employed in 
this study. For four variables (n = 4), the central com-
posite design could be represented by points on a 
cube, with 16 cubic points, 6 center points, and 8 axial 
points. In this case, 30 experiments were comprised 
in the CCD and were performed in two blocks. Tables 
1 and 2 show the complete design matrix. In this 
study CCD design has been constructed using De-
sign Expert (version 7) and Statistical (version 7) soft-
wares. The factors in this experiment were pH (x1), 
reaction temperature (x2), substrate initial concentra-
tion (x3) and GOx activity (x4). The mathematical rel-
ationship of the response (y) on the four significant 
independent variables x1–x4 can be approximated by a 
nonlinear polynomial model including 4 linear, 4 
squared, and 6 two factor interaction terms and 1 
intercept term [20,23]: 
44
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where y is dissolved oxygen removing percentage in 
30 s; β0 is the constant coefficient; βi  is the linear 
effect of coded variable xi; βii represent quadratic ef-
fects;  βij represent the cross product effects or two 
factor interaction effects. 
RESULTS AND DISCUSSION 
Variance and Pareto analysis 
The experiments were performed according to 
the central composite design arrangement consider-
ing pH, temperature, initial concentration of glucose 
and glucose oxidase activity as the selected vari-
ables. The design matrix and the experimental results 
of enzymatic deoxygenation of water by CCD have 
been presented in Table 2. The application of the res-
ponse surface methodology for these values yielded 
regression equation in coded form as follows: 
12 3 4
2222
1234
12 13 14 23
24 34
93.32 1.71 1.52 0.36 3.83
3.23 1.18 0.87 0.56
0.26 1.15 0.57 1.26
2.19 1.47
yx x x x
xxxx
xx xx xx xx
xx xx
=−+ + + −
+ −−−−
+−++ −
−+
 (5) 
where y is the response (the percentage of DO re-
moving in 30 s) and x1–x4 are the coded forms of 
variables referring to pH, temperature, glucose initial 
concentration and GOx activity, respectively. A nega-
tive sign for the regression coefficient indicated that 
the ability of the system to remove DO decreased with 
increasing in the value [24].  
The obtained experimental results were statis-
tically treated using an analysis of variance (ANOVA) 
to study the goodness of fit. ANOVA results of this 
quadratic model have been listed in Table 3. The pro-
bability-value (p-values) was used as a tool to check 
the significance of each coefficient. A commonly used 
cut-off value for the p-value was 0.05. The p-value 
analysis of the experimental design demonstrated 
that the linear model terms (x1, x2 and x4), quadratic 
model terms (x1
2, x2
2 and x3
2) and interactive model 
terms (x1x3, x2x3, x2x4 and x
3x
4) were significant (p < 
< 0.05).  
The test of reliability for predicting equation had 
been carried out by Fisher’s variance ratio test known 
as the F-test.  F-Test is a hypothesis test that exa-
mines the ratio of two variances to determine their 
Table 1. The experimental factors and levels in the enzymatic deoxygenating of water 
Factor 
Parameter values 
-2 -1  0  1  2 
x1: pH  4 5  6  7 8 
x2: Temperature, °C  22.5  30 37.5 45  52.5 
x3: Substrate initial concentration, mmol/L  35 45  55  65 75 
x4: GOx activity, U/L  132 168  216  252 300 A. KARIMI et al.: ENZYMATIC SCAVENGING OF OXYGEN DISSOLVED IN WATER…  CI&CEQ 18 (3) 431−439 (2012) 
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equality. If the model is a good predictor of the ex-
perimental results, F-value should be greater than the 
calculated value for a certain number of degrees of 
freedom in the model at determined level of signifi-
cance [25]. Comparing calculated and tabled F-value 
(3.35 < 12.56) implied the model was adequate. The 
F-ratio is given by the following form [26]: 
0
2 2
2 res
res
1
2
rep
2
0 2
rep
0
1
ˆ ()
 with 
ˆ ()
and 
1
N
iL i
i
n
i
yy
F
NL
yy
n
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σ
σ
σ
=
=
−
==
−
−
=
−


 (6) 
where  2
res σ  is the residual variance;  2
rep σ  is the repli-
cation variance; N is the total number of observations 
(N = 30); L is the number of coefficients in the re-
gression equation (L = 16); yi is the observed value of 
percentage of DO removing in the 30 s for each ob-
servation and  ˆL y  is the estimated value of deoxy-
genation for each observation;  0 ˆ y  is the average va-
lue of DO removing for the central point and n0 is the 
repetition number of experiments at the center work 
domain. 
Large p-value (0.07 > 0.05) and small F-value 
for lack of fit implies that the model is adequate and 
there is no significant lack of fit for the model. The fit 
of the model has been also expressed by the deter-
mination coefficient (R
2).  R
2 indicates how well the 
polynomial model predicts data, and the obtained R
2 
for deoxygenation reaction model was 0.92, which is 
close to 1 and indicates that the model is adequate. 
Also, the adjusted R
2 was 0.85 and was near to R
2. 
Due to high p-value for some interactions, the model 
was refitted and a reduced model was used. x1x2 and 
Table 2. Central composite experimental design 
No. 
Coded variables  Response (deoxygenation, %) 
X1 X 2 X 3 X 4 Experimental  Predicted 
1  1 1  -1  1  85.00  88.13 
2  0 0  0  0  94.03  93.32 
3  0 0  0  0  92.31  93.32 
4  -1 -1 1 1  95.31  95.43 
5  1 -1  -1  1  88.00  90.86 
6  1 1  1  -1  84.75  84.65 
7  1 -1  1  -1  74.65  74.72 
8  -1 1 1  -1  92.31  90.38 
9  -1 -1  -1 1  92.42  91.97 
10  -1 -1  -1  -1  81.00  82.88 
11  1 -1  1 1  92.19  89.70 
12  1 -1  -1  -1  82.81  81.76 
13  0 0  0  0  93.85  93.32 
14  -1 -1 1 -1  80.28  80.44 
15  0 0  0  0  91.18  93.32 
16  1 1  -1  1  90.00  87.01 
17  -1 1  -1  -1  87.10  87.79 
18  1 1  -1  -1  84.62  86.67 
19  -1 1 1 1  95.08  96.61 
20  1 1  1  1  92.86  90.88 
21  0 0  2  0  88.06  90.56 
22  0 0  -2  0  92.00  89.13 
23  0 0  0  0  93.65  93.32 
24  0 0  0  2  98.44  98.76 
25  2 0  0  0  75.00  77.00 
26  0 2  0  0  91.67  91.65 
27  0 -2  0 0  85.92  85.56 
28  0 0  0  -2  84.13  83.43 
29  -2 0 0 0  86.22  83.84 
30  0 0  0  0  94.92  93.32 
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x1x4 were removed from previous model. The final 
regression model is as follows: 
12 3
22
41 2
22
34 1 3
23 24 34
93.32 1.71 1.52 0.36
3.83 3.23 -1.18
0.87 0.56 1.15
1.26 2.19 1.47
y xxx
xx x
xxx x
xx xx xx
=−+ + +
+−
−−− +
+−+
−
 (7) 
This model also showed statistically insignificant 
lack of fit, as is evident from the lower computed F-
value (3.57) and large p-value (0.08 > 0.05) at 95% 
confidence level. The pure error was very low (9.05), 
indicating good reproducibility of the obtained data. 
Zero p-value (0.0000) for model from ANOVA and a 
suitable coefficient of determination (R
2 = 0.92), Fi-
gure 2, implied the polynomial model has been highly 
adequate and sufficient to represent the relationship 
between the response and variables (Table 4). 
 
Figure 2. Relation between predicted responses vs. 
experimental responses. 
The adequacy of model was also evaluated by 
the residuals. The interpretation of the residual plots 
relevant to water deoxygenation would help to assess 
the strengths of the estimated model. The residuals 
provide a measure of the quality of the data analysis. 
The emphasis in the use of residual plots is usually 
on the use of some simple graphical techniques, 
which make it possible to detect and explain the de-
partures from assumptions used in developing the re-
gression equations. The pattern of the straight line in 
the normal plot of the residuals implies the following: 
a normal distribution of the errors and adequacy of 
the least squares technique was confirmed; the data 
supported the constructed model (Figure 3). Resi-
duals against the predicted values of the response 
showed an almost identical scattering pattern above 
and below the axis. The histogram of the residuals for 
water deoxygenation had normal distribution and the 
residuals versus the run order of the experiments ac-
cording to the design of the experiment is helpful to 
show the random scattering of the residuals around 
zero; this informative approach implies that the con-
structed model was adequate [27,28]. 
The Pareto analysis was carried out to check 
the affectivity of each factor. This analysis gives more 
significant information to interpret the results. This 
analysis calculates the effect of each factor according 
to [29]: 
2
2 100 0
()
i
i
i
Pi
β
β
=× ≠

 (8) 
Figure 4 shows the results of Pareto analysis. 
As can be seen in this figure among the variables, 
GOx concentration (33.97%), pH*pH (24.16%) and 
T*[E] (11.11%) produce the main effect on water de-
oxygenation efficiency. 
Effects of process variables on water deoxygenation 
The effect of pH, temperature, glucose concen-
tration, and GOx concentration on water deoxygena-
tion process efficiency was studied (Figure 5). As can 
be seen in Figure 5 (a and b) the efficiency of deoxy-
genation process is accelerated with increasing the 
Table 3. Analysis of variance for the deoxygenation procces 
Source  Degree of freedom  Sum of squares  Adjusted mean square  F  p 
Regression 14  948.09  67.72  12.65  0.000 
Liner 4  481.38  120.34  22.48  0.000 
Square 4  302.69  75.67  14.13  0.000 
Interaction 6  164.02  27.34  5.11  0.005 
Residual 15  80.32  5.35  –  – 
Lack-of-fit 10  71.27  7.13  3.94  0.072 
Pure error  5  9.05  1.81  –  – 
Total 29  1028.41  –  –  – 
R
2 = 92.2%  R
2(adj) = 84.9%  –  – 
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reaction temperature up to 40 °C, but above 40 °C the 
efficiency of reaction decreases because enzymes 
are sensitive to temperature and are destructed at 
high temperatures [30]. Also, Figure 5 shows that the 
efficiency of deoxygenation process increases with 
increasing the glucose initial concentration up to 65.5 
mM. 
Since enzyme activity is dependent on the ioni-
zation state of the amino acids in the active site, pH 
plays an important role in maintaining the proper con-
formation of an enzyme [18]. Graphical interpretation 
of three-dimensional and contour plots in Figure 5 (c 
and d) illustrated that the highest deoxygenation effi-
ciency was achieved at the pH 5-6. The reason of this 
observation is thought to be the fact that glucose oxi-
dase is active in acidic and natural pH ranges, but it 
becomes denaturation in the very acidic and alkali pH 
medium [31]. As it can be seen (Figure 5), the effi-
ciency of deoxygenation process is increased with in-
creasing the enzyme concentration. This can be attri-
buted to the more substrate-binding sites on the 
enzyme molecules thereby causing greater water de-
oxygenation rate, and the rate of reaction is limited by 
the rate of the catalytic process on the enzyme sur-
face [32]. 
Optimized conditions for enzymatic deoxygenation 
Optimized conditions achieved by RSM were 
shown in Table 5. In these conditions deoxygenation 
percentage had been predicted to be 98.15% within 
30 s. The response was increased with rising glucose 
initial concentration up to 65.5 mmol/L and then there 
was no change, so 65.5 mmol/L was the best glucose 
concentration for quick deoxygenation. GOx had an 
Table 4. Analysis of variance for the deoxygenation procces after refit 
Source  Degree of freedom  Sum of squares  Adjusted mean square  F  p 
Regression 12  941.86  78.49  15.42  0.000 
Liner 4  481.38  120.34  23.64  0.000 
Square 4  302.69  75.67  14.86  0.000 
Interaction 4  157.79  39.45  7.75  0.001 
Residual 17  86.55  5.09  –  – 
Lack-of-fit 12  77.49  6.46  3.57  0.085 
Pure error  5  9.05  1.81  –  – 
Total 29  1028.41  –  –  – 
R
2 = 91.6%  R
2(adj) = 85.6%  –  – 
 
Figure 3. Normal probability plots of the residuals. A. KARIMI et al.: ENZYMATIC SCAVENGING OF OXYGEN DISSOLVED IN WATER…  CI&CEQ 18 (3) 431−439 (2012) 
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approximately linear effect on the response until 252 
U/L, which was the optimal point. In the optimized 
conditions, DO removing was done four times and the 
average of them calculated to be 95.20% which was 
close to the predicted value by the model. Under 
these conditions, after 40 s the level of O2 in the water 
reached zero. 
 
Table 5.The optimized conditions for the enzymatic water de-
oxygenating 
Factor Optimized  values 
pH 5.60 
Temperature, °C 40.00 
Glucose initial concentration, mmol/L  65.50 
GOx concentration, U/L  252.00 
 
 
Figure 4. Pareto analysis of the parameters on the water deoxygenation. 
 
Figure 5. Response surface (3-D) and contour (2-D) plots showing the effects of variables on response 
(in the plots two variables which do not exist on figure have been fixed in center level). A. KARIMI et al.: ENZYMATIC SCAVENGING OF OXYGEN DISSOLVED IN WATER…  CI&CEQ 18 (3) 431−439 (2012) 
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The main disadvantage of the enzymatic deoxy-
genation is denaturation of the enzymes and their low 
half-life activity in high temperatures. Gluconic acid, 
the only by-product of oxidation reaction, is not toxic 
and use of the substance as an oxygen scavenger 
agent has been reported [33,34]. So, the possible re-
sidual oxygen activity in the water line would be inhi-
bited by this substance at high temperatures. 
CONCLUSION 
Central composite design method based on res-
ponse surface methodology was used to achieve opti-
mum conditions in an enzymatic water deoxygenation 
process. The optimum conditions obtained were found 
to be: pH  5.6, T = 40 °C, substrate initial concen-
tration, [S] = 65.5 mmol/L, and glucose oxidase acti-
vity, [E] = 252 U/L. The removal of oxygen dissolved 
in water, in optimal conditions was measured to be 
98.2% during 30 s. 
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NAUČNI RAD 
   ENZIMSKO UKLANJANJE KISEONIKA 
RASTVORENOG U VODI: PRIMENA METODE 
ODZIVNIH POVRŠINA U OPTIMIZACIJI USLOVA 
U ovom radu, ispitivano je uklanjanje rastvorenog kiseonika iz vode redukcijom glukoze, 
a reakcija je katalizovana glukoza oksidaza – katalaza enzimom. Centralno kompozitni 
dizajn (CCD) je tehnika primenjena za postizanje optimalnih uslova za uklanjanje ras-
tvorenog kiseonika. Linearna, kvadratna i interakcija između efektivnih parametara, dati 
su u cilju dobijanja jednačine tipa polinoma. Adekvatnost dobijenog modela ocenjen je 
od strane rezidualnih površina, vrednosti verovatnoće, koeficijenta determinacije i Fiše-
rovim testom varijanse. Optimalni uslovi za aktivnost  dva enzima u deoksigenovanoj 
vodi, su sledeći: pH 5,6, T = 40 °C, početna kocentracija supstrata [C] = 65,5 mmol/L, a 
aktivnost glukoza oksidaze je [E] = 252 U/Lat veća od vrednosti katalaze. Predviđeno je 
da proces deoksigenacije tokom 30 s, u optimalnim uslovima, bude 98,2%. U praksi, os-
tvarena deoksigenacija je bila 95,20%, što je blizu vrednosti predviđenog modela. 
Ključne reči:  цentralni kompozitni dizajn; deoksigenacija; rastvoreni kiseonik; 
uklanjanje kiseonika.. 
 
 
 